Several polyborate containing species templated by cationic copper(II) coordination compounds have been synthesized. The ionic species [Cu(en)2][B5O6(OH)4]2 . 2H2O (en = 1,2-diaminoethane) 
Introduction
Borate minerals and chemicals are of great industrial importance as bulk chemicals [1] and polyborates, both natural and synthetic, are also finding more specialized applications e.g. wide band-gap semi-conductors [2] , fluorescent [3] , piezoelectric [4] or SHG [5] optical materials.
There are over 200 borate minerals known and more than 100 of these have been characterized by single-crystal X-ray diffraction studies [6] . Borate minerals show great structural diversity [6] and, with the exception of two ammonium salts, all contain Lewis acidic cationic metal centres with either condensed (chains, sheets or networks) or isolated (insular) polyborate anions. In recent years many synthetic polyborate compounds have been prepared containing either Lewis acidic metals, organic cations or transition-metal cations to counterbalance the charge [7] . One synthetic approach is to crystallize polyborate salts from aqueous solution. Solvothermal, hydrothermal or solid-state synthesis are alternative approaches [7] . Borate speciation is aqueous solution is pH and concentration dependent [8] , but in general a dynamic combinatorial library (DCL) [9] of polyborate anions co-exist in facile equilibrium. Pentaborate(1-) salts (See Figure   1 (b) for structure of this anion) often crystallize out of such solutions, particularly if the cation has a charge of +1, since the [B5O6(OH) 4] -anion is ideally shaped to form multiple, strong anionanion H-bonded interactions and these interactions lead to giant structures, with the cations occupying the lattice 'cavities' [10] . On rare occasions isolated polyborate anions other than pentaborate have been observed [7a] e.g. triborate(1-), heptaborate(2-) (2 isomers), heptaborate(3-), octaborate(2-) (2 isomers), nonaborate(3-), tetradecaborate(4-), pentadecaborate(3-), and these anions have been structure directed by the cations which are present. Solvothermal methods often lead to more condensed polyborate structures [7] . We are interested in expanding the structural diversity of isolated polyborate chemistry and have 4 developed a strategy of incorporating relatively highly charged cations [11] [14] . In this article we report on the use coordination complexes of copper(II) containing 1,2-diaminoethane (en), rac-1,2-diaminopropane (pn), rac-1, 2-diaminocyclohexane (dach), N,N-dimethyl-1,2-diaminoethane (dmen) and N,N,N',N'-tetramethyl-1,2-diaminoethane (tmeda) (2-) as in 7, (b) pentaborate(1-) as in 1, 2 and 3 (oxygen atoms labelled α, β or γ [18, 19] ), (c) hexaborate (2-) as in 5 and 6, (d) heptaborate (2-) 
Results and discussion

Synthesis and general discussion
Copper(II) complex polyborate compounds 1-7 were prepared as crystalline solids from the reaction of copper(II) complex cation hydroxides with boric acid in a ratio of 1:10 or 1:5. 
. 6H2O (tmeda = N,N,N'N'- (2-) , and heptaborate(2-) anions present in structures 1-7 are shown schematically in Figure 1 .
A single-crystal X-ray study of tetraborate 7 has been previously reported and unit cell measurements on single-crystals of 7 were in accord with published data [14] . Our procedure for the synthesis of 7 is not reported elsewhere and we now report additional data ( 11 B NMR, p-XRD, magnetic properties, and thermal analyses). All compounds were prepared in moderate to yields (41-59 %) and had satisfactory elemental analysis data.
Structural studies
Compounds 1-3 are ionic compounds containing cations comprised of copper(II) complexes, pentaborate(1-) anions and either two, three, or four waters of crystallization. The stoichiometry is such that they have two pentaborate(1-) anions per copper(II) complex cation and in 1 the anions are symmetry related whereas in 2 and 3 they are crystallographically independent. Compounds 1- anions have been labelled as α, β, or γ sites ( Figure 1b ) [18, 19] according to their distance from the 4-coordinate boron centre. Similarly, oxygen acceptor sites in H2O molecules have been labelled ω sites [20] . Using these labels each pentaborate(1-) anion in 1 and 2 forms four H-bond donor interactions to neighbouring αααω (1) and ααβγ and αααα (2) sites. The pentaborate(1-)
interactions to α-centres are reciprocated ( Figure 3 ) and two interactions in 1 and all five of these interactions in 2 are well known eight-membered rings, R2 2 (8) (Etter nomenclature [21] ). The third reciprocal-α interaction for 1 is novel and has not been observed before. This may be designated as R2 2 (12) Compound 3 contains two pentaborate(1-) anions and one of which is isolated (as in 1 and 2), and the other one is coordinated to the copper(II) centre, as illustrated in Figure 
2H2O
. 2B(OH)3 [20] . This anion has not been previously observed with transition-metal complex cations. A drawing of this anion, together with atomic labelling is shown in Figure 5 . The anion has a 3-coordinate oxygen atom (O1, with a formal positive charge) and two 4-coordinate boron atoms (B1 B2, and B3, with formal negative charges). QTAIM analysis on this anion [25a] has shown that the 'real' charges on these atoms are very different: the oxygen centre carries a charge of -1.53 and the three 4-coordinate boron centres have a charge of +2.30.
The 3-coordinate oxygen atom is pyramidal with ΣB-O-B angles at 349.25 o , with O1 sitting 0.288 Å out of the plane containing B1, B2 and B3. Bond lengths to O1 are given in the legend to Figure   5 and average 1.509 Å; these long single bonds have been noted before in the related compounds [20, 26] . Btrig-O bond-lengths range in 4 from 1.355 (4) Compounds 5 and 6 are structurally very similar and a drawing of the structure of 5 is shown in [28] with the latter two containing non-metal cations.
Compounds 5 and 6 are unusual in that they are neutral coordination complexes, and these neutral molecules strongly interact with their neighbours in the solid-state through numerous H- This results in a reciprocal R2 2 (16) {N1…O11*, N1*…O11} motif and an unusual R2 2 (10) motif in which a neighbouring hexaborate(2-) is a double acceptor from donor hydrogen atoms on coordinated O10 and N1 atoms; both motifs includes the copper(II) centre within their rings ( Figure 9 ). In 6 all six potential H-bond donor sites of the hexaborate(2-) anion partake in H-bond interaction: three coordinated hydroxyl groups are H-bonded to H2O molecules and the three uncoordinated hydroxyl groups are H-bonded to one H2O and two hexaborates. However, 6 does not possess any amino hydrogen atoms in the tmeda ligand, and this leads to only hexaborate(2-)- 
Magnetic and spectroscopic properties
All compounds contain copper(II) ions. The molar magnetic susceptabilities of compounds 1-7
are included in the experimental section and χm varies from 820 x 10 -6 to 1364 x 10 -6 cm 3 mol 
Thermal properties
The (4) is the first example of a compound containing a heptaborate(2-) partnered with a transition-metal complex cation. We are currently employing this current synthetic strategy to other transition-metal systems, with the aim of discovering new self-assembled polyborate architectures.
Experimental
General
Copper ( 
X-ray crystallography
Crystallographic data for 1-6 are given in Table 1 Table 1 , and in the supplementary material.
Preparation of [Cu(en)2][B5O6(OH)4]2·2H2O (1)
[Cu(en)2]SO4 (1.00 g, 3.57 mmol) and Ba(OH)2 . 8H2O (1.13 g, 3.57 mmol) were dissolved in distilled water (25 mL). The mixture was stirred at room temperature for 10 minutes and the white precipitate which had formed (BaSO4) was removed by filtration. B ( 
Preparation of [Cu(dmen)2(H2O)][B5O6(OH)4]2 .
3H2O (2) [Cu(dmen)2]Cl2 (1.00 g, 3 mmol), and Ag2O (0.746 g, 3 mmol) were rapidly stirred in H2O (25 mL) at room temperature for 30 minutes and the precipitate which had formed (AgCl) was removed by filtration. B(OH)3 (1.99 g, 32 mmol) was added to the dark blue filtrate and left to stir for a further 30 mins. The reaction mixture was filtered again and the filtrate was placed in small vials and left to allow for slow evaporation of solvent. After 12 h , purple crystals had formed and these were collected by filtration and dried in desiccator (1.19 g, 53 %). M.p. = > 300 ⁰C. χm = 820 TGA: 30-90 ⁰C, loss of three interstitial and one coordinated H2O 9.8% (9.6% calc.); 90-250 ⁰C, condensation of polyborate with loss of four further H2O 11.5 % (9.6 % calc.); 250-630 ⁰C, oxidation of organic content 23.8 % (23.5 % calc.); residual CuB10O16 54.9 % (57.3 % calc.).
Preparation of [Cu(pn)2{B5O6(OH)4}][B5O6(OH)4]·4H2O (3)
The preparation of a [Cu(pn)2](OH)2 solution was carried out from [Cu(pn)2]SO4 (1.00 g, 3.24 mmol) and Ba(OH)2 . 8H2O (1.02 g, 3.24 mmol). using the method described in the preparation of (4) [Cu ( 
Preparation of [Cu(dmen){B6O7(OH)6}]
. 4H2O (5) [Cu(dmen)2]Cl2 (1.00 g, 3 mmol) was dissolved in H2O (40 mL) to give a dark blue solution.
DOWEX® Monosphere 550A Ion Exchange Resin (60 g) was added to the solution which was left to stir for 24 hours. The ion exchange resin was removed by filtration and B(OH)3 (1.99 g, 30 mmol) was added to the filtrate which was then left to stir for 30 minutes. The dark blue reaction mixture was filtered into vials and left to allow for slow evaporation of H2O to occur. After 1 week, the blue crystals of 6 which had formed were collected filtration (0.61 g, 41%). M.p.: > 300 ⁰C. 
Preparation of [Cu(tmeda){B6O7(OH)6}]·6H2O (6).
A solution of N,N,N',N'-tetramethylethylendiamine (tmeda) (3.72 g, 32.04 mmol) in water (3 mL) was added to an aqueous solution of CuSO4 . 5H2O (4.00 g, 16.02 mmol) in water (10 mL).
The reaction mixture was stirred at room temperature for 60 minutes, and then a solution of barium 
Preparation of [Cu(en)2][B4O5(OH)4]·2H3BO3 (7).
The preparation of complex hydroxide solution was carried out in the same method as described previously in the preparation of 1 from [Cu(en)2]SO4 (1.00 g, 3.57 mmol) and Ba(OH)2 . 8H2O (1.12 g, 3.57 mmol). B(OH)3 (1.10 g, 17.85 mmol) was directly added to the filtrate. After stirring for 30 minutes the solution volume was reduced to 5 mL using a rotary evaporator. The crude product was collected by filtration and recrystallized using a H2O/EtOH mixture (1:1) to yield navy crystals of 2 (1.05 g, 59 %). M.p. = 275-276 °C (dec.). χm = 1007×10 -6 cm 3 mol -1 . C4H26CuB6N4O15. Anal.
Calc.: C = 9.6 %, H = 5. Extinction coefficient n/a n/a n/a n/a n/a n/a Largest diff. *No Rint for 6 as the crystal was a non-merohedral twin and all data merged
